The ionic-complementary peptide EMK16-II is used to investigate the effects of hydrophobic and electrostatic interactions on the self-assembling process by atomic force microscopy and circular dichroism spectra. It is found that the increase of hydrophobicity of the peptides promotes the aggregation of fibrils in pure water. The effects of phosphate with different concentrations on electrostatic interactions are also investigated. It is found that the self-assembling process is enhanced at a low concentration of phosphate and more ordered fibrillar aggregates are formed. When the concentration of phosphate increases to a certain value (9 mM), only a few fibrils are found to be formed. No fibrils but amorphous aggregates exist when the concentration further increases. A physical interpretation is presented such that one divalent anion can interact with two positively charged residual groups in different peptide molecules like a "bridge" which destroys the ionic-complementary feature and largely inhibits the formation of ordered fibrils.
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Self-assembly, a ubiquitous phenomenon in nature, can be defined as the spontaneous organization of individual components into an ordered structure without human intervention. [1] Typical self-assembling products are the fibril nanostructures of proteins which can induce many human conformational diseases, including many neurodegenerative disorders and amyloidosis. The related proteins or protein fragments can easily change from their soluble and functional forms into insoluble -sheet-rich fibrils. Researchers from different fields have been focusing on this intriguing phenomenon and many useful results have been reported in recent years. [2, 3] Although the main driving forces involved in the self-assembling process include only hydrogen bond, hydrophobic and electrostatic interactions, the physical mechanism of this process is still unclear. In fact, the self-assembling process of many peptides is also mainly driven by these three interactions and the investigation of this process can help us to understand the mechanism of the fibrillar aggregation of proteins. [4−7] In addition, the self-assembled aggregates of peptides have also been found to have potential applications in biomedicine, such as tissue repair, [8−10] drug delivery, [11, 12] and biological surface engineering. [13] A new kind of peptide, originally found in a left-handed Z-DNA binding protein named zuotin in yeast, is the ionic-complementary EAK16 family. [14, 15] The three interactions mentioned above involved in the self-assembling process of ionic-complementary peptides, i.e. EAK16-II, are more prominent and can be easily adjusted by changing the solution environment. [16−18] Especially, this self-assembling process is largely dependent on the charge distribution along the peptide backbone [16] and the salts in the solution, [19, 20] which indicates the importance of electrostatic interaction in the self-assembling process of peptides. In fact, different concentrations or valences of salts can lead to completely different results. [14, 21] In this work, a new kind of ionic-complementary peptide EMK16-II is synthesized by substituting alanine in EAK16-II with methionine. The increased hydrophobicity of peptide facilitates the formation of nanofibrils even when the C-and N-termini are free with no protection group. Different concentrations of sodium phosphate, a common salt in preparing peptide/protein solutions, are applied to investigate the effect of the electrostatic interaction on the peptides' self-assembling process. We find that a low concentration of phosphate can promote the formation of nanofibrils of peptide EMK16-II. When the concentration of phosphate reaches a certain value, the formation of nanofibrils is obviously inhibited. Furthermore, only agglomerate amorphous aggregates exist when the concentration of multivalent anions of phosphate reaches an extremely high value which is much greater than that of the peptide EMK16-II. We propose that one divalent anion can interact with two positively charged residual groups in different peptide molecules like a "bridge", which was testified in our recent study on valences of anions, and such an effect is closely related to the existence of multivalent anions. [22] Our results give a physical interpretation of the effect of multivalent anions on the self-assembling process of ionic-complementary peptides, which can help us to understand the self-assembling mechanism of the peptides and proteins.
As shown in Fig. 1(a) , the sequence of peptide EMK16-II sequence is MEMEMKMKMEMEMKMK, where M corresponds to methionine, E to glutamic acid, and K to lysine. The hydrophobic residue Met and hydrophilic residues Glu and Lys are lined in a regularly organized sequence, which leads to a particular amphiphilic property. Under neutral pH conditions, these hydrophilic residues formed alternating negative and positive charges along the sequence: − − + + − − + +. This ionic-complementary feature and the hydrophobic interactions make the adjacent peptide molecules interact, which favors the formation of the well ordered -sheet structures.
[23]
(a) This peptide was synthesized using standard Fmoc chemistry on a Symphony Quartet peptide synthesizer (Protein Technologies Inc., USA). Peptide purification was performed via reverse-phase chromatography on a AKTABasic pH/C 10 ml System (Amersham Biosciences) equipped with a Source 5RPC ST4.6/150 column and confirmed by matrix assisted laser desorption time-of-flight (MALDI-TOF) on a Bruker Daltonics Autoflexll mass spectrometer: [M + H] + = 2095.7, exact monoisotopic mass of EMK16II = 2094.88. Lyophilized peptide power was dissolved in pure water (18.2 MΩ, Millipore Milli-Q system) or phosphate buffer solutions to get a final concentration of 0.4 mg/ml at pH 6.2, which is around the calculated pI of EMK16-II (http://www.expasy.ch/tools/pi tool.html). The peptide solutions were stirred at room temperature for hours and investigated by atomic force microscopy (Nanoscope IIIa, Digital Instruments Inc., USA) to observe the morphology of the nano-scaffolds on the mica surface. Circular dichroism (J-810 CD spectropolarimeter, Jasco, Japan) spectra were applied to reveal the secondary structures of the self-assembling peptide.
The atomic force microscope (AFM) images were obtained by a Nanoscope IIIa (Digital Instruments Inc., USA) operating in tapping mode (conditions: scan rate, 0.8 Hz; resonant frequency range of AFM tips, 204-497 kHz ; tip radius, 5 nm; number of pixels, 512 × 512.). A scanner with a maximum scan size of 10 µm was used. For the dimensions of the assemblies, it was found that the widths were broadened due to the convolution effects arising from the finite size of the AFM tip. [24, 25] Thus, the observed values for the dimensions must be corrected. For a spherical sample with a radius of , the observed width of the sample has the relationship obs = 4( ) 1/2 , where is the radius of the AFM tip. [26] When the sample is assumed to be a sheet, the real width of the sheet can be obtained by the equation =
, where is the observed height. [27] In pure water, as shown in Fig. 2(a) , the peptide EMK16-II self-assembles into ordered nanofibrils which are composed of typical -sheet structure with two special peaks in Far-UV CD spectra (Fig. 3) , one minimum at 218 nm and one maximum at 195 nm. The structural model of the fibril is described in Fig. 1(b) and the dimensions are listed in Table 1 (16.1 ± 1.7 nm in width and 1.4 ± 0.1 nm in height). This indicates that the increasing of hydrophobicity in EMK16-II can largely promote the formation of fibrils compared to that of EAK16-II in a similar environment.
In this work, sodium phosphate is used to investigate the effect of multivalent anions on the peptide self-assembling process. As a polybasic acid radical, PO 3− 4 is hydrolyzed with water as follows:
Under neutral conditions (pH 6.2), the concentrations of the four kinds of anions and molecules (H 2 PO Table 2 deduced from the pKa of the phosphoric acid (pK 1 = 2.13, pK 2 = 7.20, pK 3 = 12.36). Under this condition (pH 6.2), no net charges are carried on the peptide molecules (pI = 6.2), which can hardly affect the hydrolyzation equilibrium of phosphate radicals, so the ratio of [H 2 PO At pH 6.2, when the concentration of phosphate is very low (3 mM), numerous elongated fibrils are observed as shown in Fig. 2(b) and the dimensions of the fibrils are listed in Table 1 . The length of the fibrils is 395.4 ± 36.5 nm, which is longer than that in pure water (298.43 ± 24.0 nm, Table 1 ). In addition, as shown in Fig. 3 , the height of the negative peak is slightly deeper than that in pure water, which indicates the increase of the component ofsheet structure. As listed in Table 2 , the concentration of the divalent anion HPO (2.73 mM) is about fourteen times the peptide concentration. Therefore, the monovalent anions play a major role in shielding the charges on peptide molecules via electrostatic interaction to decrease the polarity of the peptide molecules and make the peptide more hydrophobic, which facilitates the formation of ordered self-assembling nanofibrils as observed in previous studies. [18, 28] As shown in Fig. 2(c) , when the concentration of phosphate increases to 9 mM, a few fibrils are observed with an average length of 252.1 ± 37.3 nm (listed in Table 1 ). Under this condition, the concentrations of H 2 PO Table 2 ). Here the concentration of HPO 2− 4 is four times larger than the concentration of the peptides. It is known that one divalent anion takes two negative charges and can interact with two positively charged groups of the peptide molecule like a bridge. Since the distance between two nearest lysine residues of the same peptide molecule is much larger than the size of HPO 2− 4 , one divalent anion can hardly interact with two lysine residues simultaneously. This bridging effect can disturb the original ionic-complementary interaction of the peptide and decrease the effect of the electrostatic interaction in promoting the self-assembling process of ioniccomplementary EMK16-II. Therefore, the hydrophobic interaction plays the dominant role and induces the formation of amorphous aggregation. In addition, as shown in Fig. 3 , the divalent anions can lead to the diminishment and red shift of the negative band of the CD spectrum at 218 nm, which represents an obvious loss of -sheet structure. Far-UV CD spectra of 0.4 mg/ml EMK16-II in pure water and different concentrations of phosphate buffers at pH 6.2. The position and amplitude of the negative peaks show changes according to the different salt concentrations. In addition, divalent anions with a certain concentration can lead to the diminishment and red shift of the negative band at 218 nm, which represents a decrease of -sheet structure.
It is noted that monovalent anions at a proper concentration have been found to facilitate the formation of fibrils in previous studies. [19, 20] The concentrations of H 2 PO − 4 used in this work are all in this range. However, the inhibiting effect of divalent anion by bridgelike interaction becomes more dominant when the concentration of the phosphate buffer is increased. Even no fibrils but large amorphous aggregates are observed when the concentration of phosphate reaches 120 mM as shown in Fig. 2(d) . The promoting effect of the monovalent anion is almost covered up by the inhibiting effect of the divalent anion HPO 4 is more than 10 mM and the bridging effect is more obvious. Figure  3 shows that the CD spectrum is similar to the condition of 9 mM phosphate buffer except for the wavelength range below 200 nm. In fact, the stronger positive band in the region 194-198 nm may be induced by the UV absorption of the high concentration of phosphate.
It is found that the bridging effect of the divalent anions on the self-assembling process increases dramatically with the increase of phosphate concentration from 3 mM to 9 mM. At the same time, the -sheet component of the aggregates decreases obviously, which is calculated from the CD spectra. When the concentration of phosphate increases to more than 9 mM, the divalent anions are already sufficient to the peptide molecules and few fibrils are found to be formed. After this, the further increase of the concentration of phosphate induces that only amorphous aggregates are formed though the -sheet component of the aggregates is almost unchanged, as shown in Fig. 3 .
In conclusion, under neutral pH conditions, the effect of multivalent anions on the self-assembling process of ionic-complementary peptide EMK16-II is well investigated in this work. The substitution of residue Ala with Met increases the hydrophobicity of the peptide and facilitates the formation of ordered fibrils even without protection groups on both of the peptide termini. It is found that at low concentration regions of phosphate (0-3 mM), the monovalent anions can screen the charges between the polar head groups to reduce electrostatic repulsion which makes the nanofibrils more ordered.
[21] At a higher concentration of phosphate (about 9 mM), the divalent anions can interact with two positively charged groups of the peptide molecule like a bridge. This can greatly affect the ionic-complementary features and decrease the formation of ordered fibrils. Furthermore, when the concentration of phosphate increases to 120 mM, no fibrils but only large amorphous aggregates are found to be formed.
We present a physical interpretation for the effect of the concentration of different salts on the selfassembling process by altering the hydrophobicity and electrostatic interactions. This can help us to understand the mechanism of self-assembling process of peptides as well as the amyloid fibrillar aggregation of proteins. In addition, this can also provide a way for us to control the self-assembling nanostructures which have many significant implications beyond supramolecular chemistry and biological materials. [4, 29] In fact, since the effects of salts on the self-assembling process of peptides are extremely complicated, further studies are still needed to explore the mechanism proposed in this study on other peptides and ions.
